The photoprotective processes of photosynthetic organisms involve the dissipation of excess absorbed light energy as heat. Photoprotection in cyanobacteria is mechanistically distinct from that in plants; it involves the Orange Carotenoid Protein (OCP), a water-soluble protein containing a single carotenoid. The OCP is a new member of the family of blue light photoactive proteins; blue-green light triggers the OCP-mediated photoprotective response. Here we report structural and functional characterization of the wildtype and two mutant forms of the OCP, from the model organism Synechocystis PCC6803.
The photoprotective processes of photosynthetic organisms involve the dissipation of excess absorbed light energy as heat. Photoprotection in cyanobacteria is mechanistically distinct from that in plants; it involves the Orange Carotenoid Protein (OCP), a water-soluble protein containing a single carotenoid. The OCP is a new member of the family of blue light photoactive proteins; blue-green light triggers the OCP-mediated photoprotective response. Here we report structural and functional characterization of the wildtype and two mutant forms of the OCP, from the model organism Synechocystis PCC6803.
The structural analysis provides high resolution detail of the carotenoidprotein interactions that underlie the optical properties of the OCP, unique among carotenoid-proteins in binding a single pigment per polypeptide chain.
Collectively, these data implicate several key amino acids in the function of the OCP and reveal that the photoconversion and photoprotective responses of the OCP to blue-green light can be decoupled.
The capture of light energy for oxygenic photosynthesis is arguably one of the most important metabolic processes on earth. It is also inherently risky; the absorbance of excess light energy beyond what can be used in photosynthesis can result in photooxidative damage to the organism. Consequently, photosynthetic organisms have evolved protective mechanisms to dissipate excess captured energy. In plants, one of these mechanisms involves the membrane-embedded chl antenna of Photosystem II (PSII), the Light-Harvesting-Complex (LHCII) (for reviews, see (1) (2) (3) (4) . Under saturating light conditions, the decrease of the lumen pH activates the xanthophyll cycle (5, 6 ) and the protonation of PsbS, a PSII subunit (7) . Conformational changes in the LHCII, modifying the interaction between chlorophyll molecules and carotenoids and allowing thermal dissipation, are also involved in this mechanism (8) (9) (10) . Energy dissipation is accompanied by a diminution of PSII related fluorescence emission, also known as nonphotochemical-quenching (NPQ; more specifically qE) which usually serves as a measure of the dissipation process.
While the photoprotective mechanism of plants is well studied, only recently have 2 mechanisms for photoprotection in the cyanobacteria been discovered (11) (12) (13) (14) (15) (16) (17) . One of these occurs at the water-soluble light harvesting antenna (the phycobilisome), and involves a novel photosensory protein, the Orange Carotenoid Protein (13, (18) (19) (20) . Most cyanobacterial species contain the OCP (21, 22) and in these organisms it is constitutively expressed and is also upregulated under extreme conditions such as high light, iron starvation and salt stress (18, (23) (24) (25) . The OCP-mediated photoprotective mechanism is completely distinct from any known in plants and algae; it involves the absorption of blue-green light which induces a shift in the absorbance properties of the OCP; visibly the protein changes from orange to red (photoconversion).
The structural basis of this photoconversion is unknown, but it appears to be a result of changes in both the protein and the carotenoid (19) . The red, photoactive form of the protein induces the dissipation of energy from the phycobilisome as heat. This results in a measurable decrease (quenching) of phycobilisome fluorescence known as nonphotochemical quenching. The OCP is of particular interest because it is the only photosensory protein characterized to date that uses a carotenoid as the chromophore. More broadly speaking, it is also a new member of the family of blue light photoactive proteins; blue-green light is a ubiquitous environmental signal that activates a functionally diverse range of bacterial proteins such as Photoactive Yellow Protein (PYP; (26, 27) ) and those containing LOV (28) (29) (30) (31) or BLUF domains (32) (33) (34) (35) . Recent data available from genome sequencing as well as structural and functional characterization of these sensory proteins and their relatives has revealed that they share some general features in the structural basis of photoresponsiveness and signal transduction (36, 37) .
Because the OCP is one of the few examples of a carotenoid-binding protein that is water soluble and that contains only a single carotenoid molecule per polypeptide chain, it is an ideal system for the study of carotenoidprotein interactions. Mutant forms of the OCP, which can be made in Synechocystis PCC 6803 (hereafter, Synechocystis), enable dissection of the role of individual amino acids in binding and in tuning the spectral properties of the carotenoid as well as their role in photoconversion and photoprotection. The 2.1 Å crystal structure of the OCP, from Arthrospira maxima, was reported in 2003, prior to an understanding of its function (38) . Subsequent studies of the OCP in the model organism Synechocystis revealed its role in photoprotection (13, 18, 19) . Here we report the 1.65 Å crystal structure of the WT-OCP and of two OCP mutants from Synechocystis. The structural and functional characterization of OCP point mutants identified key roles for specific amino acids (W110, Y44 and R155) and demonstrated that the processes of photoconversion and nonphotochemical quenching can be decoupled. In addition, comparison of the Synechocystis and A. maxima OCP structures enabled identification of structurally conserved water molecules that may play a functional role. Finally, multiple structures of the OCP considered in the context of structure-function studies of other blue-light photoactive proteins reveal some interesting parallels and inform new hypotheses about the structural basis of the OCP's photoprotective function.
EXPERIMENTAL PROCEDURES
Culture conditions-Synechocystis wildtype and mutants were grown photoautotrophically in a modified BG11medium (39) containing twice the amount of sodium nitrate. Cells were kept in a rotary shaker (120 rpm) at 30°C, illuminated by fluorescent white lamps giving a total intensity of about 30-40 μmol photons m −2 s −1 under a CO 2 -enriched atmosphere. The cells were maintained in the logarithmic phase of growth and were collected at OD800 nm=0.6-0.8. For OCP isolation, Synechocystis cells were grown in 3L Erlenmeyer flasks in a rotary shaker under a light intensity of 90-100 μmol photons m −2 s −1 . The cells were harvested at an OD800 nm=0.8-1.
Construction of OCP Synechocystis mutants--
To obtain single OCP mutants, wildtype Synechocystis cells were transformed by a plasmid containing the mutated OCP gene (slr1963) with a C-terminal His-tag, and the hypothetical gene slr1964 interrupted by a spectinomycin and streptomycin (Sp/Sm) resistance cassette (9) . The point mutations Y44S, Y44F, W110F and R155L were obtained by changing one or two nucleotides in the slr1963 gene by site-directed mutagenesis using the Quickchange XL site-directed mutagenesis kit (Stratagene) and synthetic 3 oligonucleotides (all of the oligonucleotides used in this work are described in Supp Table  1) .
To obtain double OCP mutants overexpressing the mutated OCP, the mutated slr1963 gene was cloned in an overexpressing plasmid in which the slr1963 gene is under the control of the psbAII promoter. The construction of the plasmid was described in (19) . The plasmids containing the mutated slr1963 genes under the control of the psbAII promoter were used to transform single OCP mutants of Synechocystis by double recombination (Supp . Fig 1) .
To confirm the introduction of the different mutations in the genomic Synechocystis DNA and complete segregation of mutants, PCR analysis and digestion by specific restriction enzymes were performed. Supp. Fig. 2A shows that amplification of the genomic region containing the slr1963 and slr1964 genes (in the psbAII locus (lanes [1] [2] [3] [4] or in the slr1963 locus (lanes 5-9) using the synthetic psba1 and psba2 oligonucleotides or car6 and car7 oligonucleotides gave fragments of 1.5 kb or 2.2 kb respectively in the wildtype and of 3.5 kb and 4.3 respectively in the mutants containing the antibiotic cassettes. No traces of the wildtype fragment were detected in the mutants indicating complete segregation. The presence of the different mutations was detected by digestion with restrictions enzymes (Supp. Figs. 2B and 2C ). The presence of the Y44S and W110F mutation was confirmed by the appearance of the supplementary NheI restriction site and the disappearance of the KpnI restriction site respectively. Digestion of the amplified DNA fragments by BsmI indicated the presence of the R155L mutation. The presence of the mutations was confirmed by DNA sequencing.
The construction of the His-tagged OCP, the overexpressing His-tagged OCP, His-tagged W110S OCP and the overexpressing His-tagged W110S OCP were described in (19) .
Purification of the Orange Carotenoid
Protein--The purification of Synechocystis OCP was performed as previously described (19) . Briefly, mutant cells (1 mg Chl ml -1 ) in Tris-HCl pH=8 buffer were broken in dim light using a French Press. The membranes were pelleted and the supernatant was loaded on a column of Ni-Probond resin (Invitrogen). The OCP was further purified on a Whatman DE-52 cellulose column. Additional details of the purification are described in (19 Fig. 3 ) in a TRIS/MES system (40) . The OCP protein was detected by a polyclonal antibody against OCP (18) . Carotenoid characterization-Carotenoids were extracted from OCP proteins as previously described (41) . Liquid chromatography-mass spectrometry analysis was performed as described in (42) . Sequence Analysis--The OCP logo was produced using an alignment of 28 OCP orthologs (reciprocal best BLAST hits to Synechocystis OCP) generated in Tcoffee (http://www.ebi.ac.uk/Tools/tcoffee/index.html ). The hmmer package of tools on the Mobyle server at http://mobyle.pasteur.fr were used to generate an HMM from the alignment. The HMM was built using hmmbuild and then calibrated using hmmcalibrate. The LogoMat-M server at http://www.sanger.ac.uk/cgi-bin/software/analysis/logomat-m.cgi was used to generate the HMM logo from the HMM. Crystallization and structure determinationWildtype and mutant Synechocystis OCP were crystallized at 18 ºC by the hanging drop vapor diffusion method over reservoir solutions identified from a screen of >1000 crystallization conditions. Because of the lack of appreciable effect of ambient light in triggering photoconversion of the OCP, no special precautions were taken to avoid room light. Wildtype OCP (3.8 mg/ml 10 mM Tris pH 7.7) was crystallized in drops containing 2ul of protein plus 1 ul reservoir solution (100 mM sodium acetate, pH 5.0, 10 % PEG8,000). Y44S OCP (3.3 mg/ml 10 mM Tris pH 7.7) was crystallized in drops containing 2ul of protein and 1ul of reservoir solution (0.2M CaCl2, 18 % PEG3350). R155L OCP (2.6 mg/ml 10 mM Tris pH 7.7) was crystallized in drops containing 2ul of protein plus 0.5 ul reservoir solution (100 mM sodium acetate pH 5.0, 10 % PEG 3350 and 2% glycerol). Protein concentration was measured using the Bradford protein assay (Bio-Rad).
For data collection, crystals were rapidly transferred into reservoir solutions supplemented with 25% glycerol, mounted into nylon loops, and frozen by placing directly into the cryo-stream of nitrogen gas. Diffraction data were collected at Lawrence Berkeley's Advanced Light Source, beamlines 8.2.1 and 5.02. The diffraction data were integrated and scaled with DENZO and SCALEPACK using HKL2000 (43) . The wildtype and both OCP mutants crystallized in space group P3 2 with two molecules in the asymmetric unit.
Structures were solved by molecular replacement using PHASER (44) implemented in CCP4 (45), and refinement was performed with phenix.refine (46) and REFMAC5 (47) using iterative cycles of positional, and atomic B-factor refinement, and model building with 2Fo-Fc and Fo-Fc maps in COOT (48) . During the final stages of refinement, NCS restraints were released in the structures of the wild type and R155L mutant, to allow for slight differences in the monomers. TLS refinement was performed for the wildtype and R155L structures; Four TLS domains were chosen using the TLSMD server (http://skuld.bmsc.washington.edu/~tlsmd/) corresponding to residue ranges 4-72, 73-169, 170-243 and 244-320.
In all three structures there was some disorder at the N-and C-termini and in the linker region between the two domains, so these regions were not modelled. The refined wild type OCP structure (1.65 Å resolution) contains residues 3-164 and 171 to 312 (chain A), and residues 3-164 and 171 to 312 (chain B). The Y44S mutant OCP (2.65 Å resolution) contains residues 4-163 and 172-312 (chain A), and residues 4-163 and 171-312 (chain B). The R155L mutant OCP (1.70 Å) contains residues 4-164 and 170-312 (chain A), and residues 3-164 and 170 to 312 (chains B). Electron density maps for each of the three models were well featured for the echinenone (ECN), enabling modelling at the final stages of refinement. Alternate conformations for sidechains were visible in the relatively high resolution wildtype and R155L models; these we modelled manually. Waters were modelled using the automatic solvent detection function in phenix.refine and checked manually in COOT. Additional crystallography statistics are listed in Table 1 . Analysis of the structures--The stereochemistry of the final refined models were analyzed by MolProbity (49) . Least squares RMS deviation for comparison of different structures was performed with LSQKAB (50) . Protein interfaces were analyzed using PDBSUM (51), PISA (52) and Profunc (53) The Akta FLPC system is equipped with a UV detector at 280 nm and was running at a flow rate of 0.5 ml/min. The gel filtration standard (Biorad) included thyroglobulin (670 kDa), bovine gamma-globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa) and bovine serum albumin (66 kDa). The standards were separated under the same conditions with and without OCP.
RESULTS AND DISCUSSION
Purification and Carotenoid Content of Wildtype and Mutant OCP. For purification of the OCP for structural and functional studies, His-tagged overexpressing OCP mutant strains of Synechocystis were constructed. The expressed protein was purified by Ni-affinity and ion-exchange chromatography (19) . Analysis of the carotenoid content of the mutant proteins revealed that they contained a mixture of 3'-hydroxyechinenone, echinenone (ECN) and zeaxanthin (Table 2; Supp. Fig. 4 ), as previously observed in strains overexpressing WT-OCP (42) . The relative content of each carotenoid varied depending on the quantity of OCP present in the cell and on the mutation. With the exception of the OCP with a modified Trp 110 , in which 3'hydroxyechinenone was the principal carotenoid detected, echinenone was the most abundant carotenoid present in OCP isolated from overexpressing strains. The presence of zeaxanthin varied from 6 to 30%. In darkness or dim light, the OCP isolated from all of the mutant strains appeared orange and their absorption spectra were only slightly different (Fig. 1) . In some mutants (especially Y44S-OCP), a spectrally distinct small fraction containing more zeaxanthin eluted at slightly lower salt concentration suggesting that the zeaxanthin-containing OCP detached more easily from the ion-exchange column (data not shown). The zeaxanthin-OCP being inactive (42) , this fraction was not used for further studies. Upon illumination with blue-green light, the WT OCP (containing only 3'-hydroxyechinenone (Table 2) was completely photoconverted to a red form (absorption maxima at 500-510 nm) while the OCP isolated from the overexpressing strain (containing 14% zeaxanthin) was not completely photoconverted (absorption maximum 498 nm) (Fig 1 and (42) ). Table 1 .
The OCP consists of two domains ( Fig. 2A) , an N-terminal helical domain (residues 19-165; Pfam09150), composed of two four-helix bundles. The N-terminal domain of the OCP is the only known example of this protein fold. In contrast, the C-terminal domain (residues 193-311) is a member of the nuclear transport factor 2 (NTF2) superfamily (Pfam02136), which is found in a wide range of organisms. The NTF2 domain is a mixed alpha/beta fold: in the OCP it comprises a five stranded beta sheet core flanked by three alpha helices, (K, L, M). The N-and Cterminal domain are joined by a 28 amino acid linker that is the most variable region of primary structure among OCP orthologs (Fig.  3) . Because of disorder, the first several residues of the linker (~164-171) could not be modelled in any of the three structures, suggesting that the region is flexible. The Synechocystis OCP structure closely resembles that of A. maxima (superimposing with a r.m.s. deviation of 0.55Å over 301 alpha carbon atoms), reflecting the similarity (83% identical) of their primary structures. Indeed, the primary structure of all OCP orthologs is strongly conserved (21) .
The three Synechocystis OCP structures were also similar to that of A. maxima OCP in that each contained two molecules in the crystallographic asymmetric unit arranged as an approximate antiparallel dimer (Fig. 4A) . The dimerization interface in all four structures is similar, involving mainly the N-terminal domain. It contains 14 hydrogen bonds, two salt bridges (between Arg 27 and Asp 19 ) and two water molecules that are conserved in both the A. maxima and Synechocystis OCP structures. The amount of surface area buried in the dimerization, ~1100 Å 2 /monomer, exceeds the threshold value proposed to discriminate between a presumably biologically relevant interface and a crystal contact (856 Å 2 , (58)). Because of the repeated observations of this interface in the different OCP structures, its size and the 6 precedent for functionally relevant oligomeric state changes in other blue light responsive proteins (33, 59) , we considered the likelihood that the OCP dimer is functionally relevant. The A. maxima OCP has been reported to be a dimer in gel filtration (38) . However, Synechocystis OCP eluted as a monomer in gel filtration in both its resting (orange; Fig. 5 ) and photoactivated form (data not shown). Moreover, thermodynamic calculations of the energy of binding of the intermolecular interface in both the A. maxima and Synechocystis dimers suggest it is not a stable assembly. Furthermore, if the OCP dimer was functionally relevant, it would be expected that residues in the intermolecular interface would be conserved in the primary structure of the OCP; however, only three of the 22 amino acids making up the dimerization interface are absolutely conserved among OCP orthologs. It appears more likely that the repeatedly observed dimerization in the crystals is an artifact of the relatively high protein concentration and/or conditions used for crystallization.
Structural Parallels to Other Blue-light
Photoreceptor Proteins. In the past five years while we have gained an understanding of the function of the OCP, a substantial amount of new structural, functional and sequence information has been obtained for other blue light photoreceptors such as BLUF and LOV domains and PYP (which, like the LOV domain, is a member of the PAS structure superfamily). BLUF and LOV domains are found covalently connected to their effector domains, or can be present as isolated modules with the their effector domains encoded separately. Interestingly, common mechanistic principles underlying response to blue-green light in PYP and the functionally diverse BLUF and LOV domains are emerging (36) . LOV and BLUF domains as well as PYP share a common beta sheet core flanked by helices. The interaction of the chromophore with the beta sheet originates a signal that is propagated to the effector region of the protein through sidechain movements and changes in hydrogen bonding patterns. The OCP is similar to these other blue-light responsive proteins in that the core of its C-terminal domain, which hydrogen bonds to the carotenoid, is a beta sheet flanked by helices. Likewise, accumulating genomic sequence data suggests that modularity is part of the evolutionary history of the OCP; open reading frames encoding isolated N-and Cterminal domains of the OCP are observed in numerous cyanobacterial genomes (21) . Accordingly, in interpreting the specific features of the OCP structure in the context of function we consider if there is evidence of structural features similar to those that underlie the general principles of signal transduction known from PYP and BLUF and LOV domains. (Table 2 ; (42)); the photoprotective activity of the ECN-containing OCP is comparable to that containing 3'-hydroxyechinenone, indicating that the hydroxyl group in 3'-hydroxyechinenone, which potentially hydrogen bonds to the Nterminal domain in the A. maxima OCP, is not critical for function (42) Electron density maps calculated using phases from the partially refined model of the Synechocystis OCP without carotenoid were of high quality, enabling de novo building of the ECN molecule in each monomer. The conformation of the ECN in the two Synechocystis OCP monomers is identical (within the range of coordinate error) and are similar to that of 3'-hydroxyechinenone in the A. maxima OCP (r.m.s deviation 0.2 Å over 41 atoms; Fig 4B) . As in the A. maxima OCP, the carotenoid in the Synechocystis OCP spans the N-and Cterminal domains; it is almost entirely buried; only 4% of the ECN is solvent exposed. In the N-terminal domain, the ECN is nestled between the two four-helix bundles ( Fig. 2A) . In the C-terminal domain, it occupies a cleft formed between the beta sheet and M and K (Figs. 2B and 4A) . The keto group of the ECN hydrogen bonds with the absolutely conserved amino acids Tyr201 (Y) and Trp288 of the central strand (β4) of the beta sheet (Fig. 2B) ; the H-bonding distance are 2.6Å and 2.9Å, respectively. The H-bond to Tyr 201 is a relatively short hydrogen bond, which are often functionally important (60, 61) . Short hydrogen bonds between the chromophore and the protein are the basis of a network of hydrogen bonds in PYP that are critical to its photocycle (62) . In the OCP, the orientation of the Tyr 201 sidechain appears to be stabilized via aromatic interactions (63) , with two absolutely conserved phenylalanine sidechains (217 and 290), while the orientation of Trp 288 may be in part stabilized by an aromatic sulfur interaction with the strongly conserved Met 202 . The importance of the hydrogen bonds between the protein and the carotenoid for the function of the OCP is underscored by studies of zeaxanthin-containing OCP; zeaxanthin lacks an oxygen atom for hydrogen bonding and zeaxanthin-OCP is not photoactive, nor is it able to induce fluorescence quenching under strong blue-green light (42) . Changes in these hydrogen bonds upon photoactivation could be communicated through the beta sheet or to the surface of the OCP via residues hydrogen bonded to Tyr 201 and Trp 288 (Fig. 2B) 288 has additional communication to the K helix. The multiple hydrogen bonding pathways to the K helix are notable because it is part of the C-terminal domain in the OCP (K, β2, β3, β4) that shows some structural similarity to the phycobilisome core linker protein, APLc (19) ; mimicking the interaction of the linker with the phycobilisome core could allow this region to interact with the chromophores, providing a pathway for energy dissipation. Alternatively, or in addition, changes in the chromophore upon absorption of light could influence interactions between the N-and C-terminal domains of the OCP which, by revealing new sites for interprotein interaction, could be functionally relevant. These hypotheses are discussed below in the context of analogous mechanisms in other blue-light responsive proteins.
Carotenoid-Protein Interactions in the
The residues within 3.9Å of the carotenoid are shown in Fig. 4A . Of these 24 residues, eight are highly conserved aromatic amino acids (Fig. 3) (Fig. 4C) . Several structural features in the N-terminal domain suggest that it may be important in intra-and or inter-protein interactions mediating the photoprotective function of the OCP. A water molecule conserved among the wildtype OCP structures (W60) and the sidechains of Tyr 44 (which displays alternate sidechain conformations) and Trp 41 surround one of only two regions in the OCP in which the carotenoid is solvent exposed (Fig. 4C) . Movement of either of these sidechains, and/or of the conserved water molecule could increase surface accessibility of the carotenoid. Likewise, conserved methionine residues in this region could facilitate structural rearrangements in activation of the OCP. The SD atoms of three absolutely conserved methionine residues (83, 117, and 161) make intraprotein aromatic-sulfur interactions (66) with Trp 41 and Trp 110 sidechains (Fig. 4C ). Methionine sidechains, because of their conformational flexibility are often involved in protein conformational changes or molecular recognition (67,68). Photoactivation in BLUF domains provides an example. In the BLUF domain of BlrP1(33), a conserved methionine residue undergoes a large positional displacement which changes its interaction with a glutamine (or a tryptophan in AppA; (34)) residue to accommodate the latter's movement in response to the absorption of light (33, 34, 69) .
Characterization of Synechocystis OCP point mutants was used to probe the role of single amino acids in the OCP's photoprotective function. While the effect of changing these amino acids in photoconversion (from orange to red) can be monitored by 8 measuring the spectral change in the OCP absorbance in response to blue-green light (Fig. 1) , the degree of photoprotection is measured by analyzing fluorescence quenching of mutants (Fig. 6) .
The OCP-related photoprotective mechanism involves an increase of energy dissipation as heat in the phycobilisome. This results in a decrease (quenching) of the phycobilisome fluorescence that can be detected a PAM fluorometer (13, 70) . Mutants impaired in OCP-mediated photoprotection have reduced blue-light induced quenching.
To verify that any reduction in fluorescence quenching in the mutants was not the result of reduced OCP levels, a second mutation to induce the overexpression of the OCP was made in each mutant. By measuring OCP content in the overexpressing mutants we verified that the phenotypic changes observed were not due to a reduced level of the OCP in the cells (Supp .  Fig 3) .
Previously, we have shown that changing Trp 110 to a serine abolishes the OCP's photoprotective function (19) . To test the hypothesis that the aromatic character of the sidechain in this position is critical to function, we substituted Trp 110 with phenylalanine. In the W110F mutant, OCP incompletely photoconverts to the red form (Fig 1) . The conversion is incomplete because about 30% of the protein contained zeaxanthin and were consequently not photoactive. However, in the single and double (overexpressing) W110F mutants, the level of photoprotection was similar to the wildtype and the overexpressing wildtype strains respectively (Fig 6) , confirming the importance of the role of the aromatic amino acid in this position. In the single and double W110F mutant, the OCP's photoconversion (Fig. 1 ) and photoprotective function (Fig. 6 ) are similar to wildtype, confirming the importance of the role of the aromatic amino acid in this position.
Likewise, changing Tyr 44 to a serine results in a lack of photoconversion ( Fig. 1 ) and fluorescence quenching (Fig. 6) ; however changing Tyr 44 to another aromatic amino acid (Y44F) did not affect photoconversion or photoprotection (Figs. 1, 6 ). Thus, like Trp 110 , the aromatic character of this sidechain appears to be essential to the OCP function. We crystallized the Y44S-OCP and solved the structure. Other than increased solvent accessibility to the carotenoid due to the substitution of a smaller sidechain at this position, there are no substantial differences between the structure of the Y44S mutant and the wildtype OCP. This suggests either that solvent accessibility at this site is not important to the function of the OCP, or it is the ability to modulate the accessibility to solvent that is important for function. As expected, the conserved water molecule (W60) that hydrogen bonds to the Tyr 44 is not visible in the structure of the Y44S-OCP nor is there ordered solvent hydrogen bonding to the serine sidechain, however the resolution limit of this structure is relatively low (2.7Å). Crystallization of the Y44S mutant was more challenging than the wildtype. The wildtype and mutant OCP protein preparations were of comparable purity, possibly indicating that the lower resolution may be a result of higher overall flexibility of the Y44S mutant protein, and therefore conformational heterogeneity, in the mutant OCP.
Additional Structural Implications for
Function of the OCP. In the model of the mechanism for the OCP's photoprotective function, the OCP interacts with the core of the phycobilisome. Presumably to dissipate excitation energy, the carotenoid must approach the phycobilisome core for energy transfer from its chromophores. This could also be facilitated by conformational changes in the OCP that would reversibly allow additional carotenoid exposure. This hypothesis is supported by Fourier transform infrared spectroscopy (FTIR) data that indicates that there are secondary structure changes upon photoconversion by blue light (19) . Recent observations that glutaraldehyde and high concentrations of sucrose or glycerol abolish OCP mediated non-photochemical quenching in Synechocystis (14, 71) are consistent with a role of protein motion in the OCP's photoprotective function.
Alterations in the interactions between the N-and C-terminal domain may be important in the OCP photoprotective function by serving as a means for propagating a signal or exposing sites for interprotein interactions. The interaction between the N-and C-terminal domains can be divided into two regions ( Fig.  2A and 2B) , we refer to as the N-terminal and the central interfaces.
The N-terminal interface between the N-and C-terminal domains buries 947 Å 2 and 9 775 Å 2 of the N-and C-terminal domains, respectively. It involves the first 19 amino acids of the N-terminal domain (which contains a short helix, A) that extends away from the N-terminal domain to interact with the solvent-exposed face of the beta sheet and the end of the C-terminal domain (Fig. 2B) Fig. 2B ). As noted above, light absorption by the carotenoid in the OCP, and consequent alteration of the hydrogen bonding of the carotenoid to the Cterminal domain, could be propagated to the N-terminal extension (Fig. 2B) . A paradigm for this type of signal transduction is observed in LOV domains, in which the signal emanating from the beta sheet core is propagated to a helix from a remote part of the protein that is packed against the core in the resting state. For example, in phototropin, photoactivation of the FAD chromophore alters its hydrogen bonding to the protein which is communicated through the beta sheet, culminating in the displacement of a short alpha-helix, J, that is associated with the LOV domain, stimulating kinase activity (72) (73) (74) (75) . The associated FTIR shift patterns during this LOV domain photoactivation are similar to those observed for activation of the OCP (19) .
In the OCP, structurally conserved water molecules could also play a role in signal transduction Conserved water molecules are known to have various roles in protein structure and function (76) ; for example, in rhodopsin water molecules are proposed to be involved in spectral tuning and regulating activity (77) . Displacement of conserved water molecules is thought to be important in effecting conformational changes in signal transduction (78) (79) (80) . In the Nterminal interface there are six structurally conserved water molecules (W1, W3, W42, W76, W84, W290) in a depression on the protein surface beneath a semicircular ridge formed by interaction of the N-terminal extension and the beta sheet. W1 and W3 are partially buried and have relatively low Bfactors (18.1 and 15.7 Å 2 ). Movement of the N-terminal extension would increase the solvent accessibility of these water molecules as well as the solvent accessibility of the conserved amino acids on this face of the beta sheet.
Alternatively, a change in the interaction of the N-and C-terminal domain of the OCP across the central interface could also be involved in the OCP's photoprotective mechanism. Given that the two domains are joined by a linker (residues 163-193) that appears to be flexible (the electron density for this region was poorly ordered in all three Synechocystis OCP structures described here), alterations in the conformation of the linker could result in changes in the central interface between the N-and C-terminal domains, increasing the exposure of the carotenoid for interaction with the phycobilisome.
The central interface buries 628 Å 2 and 723 Å 2 of the N-and C-terminal domains respectively. It contains eight structurally conserved water molecules (Fig. 2B) . Two of these (W20, W125) are within 3.9 Å of the carotenoid and are found in the second region of the OCP in which the carotenoid is slightly solvent exposed. The interface is stabilized by 4 hydrogen bonds, including two formed between the pairs of conserved residues Asn 104 and Trp 277 and Arg 155 and Glu 244 . The latter salt bridge also flanks the surface depression in which the carotenoid is solvent exposed. Both Arg 155 and Glu 244 hydrogen bond to a structurally conserved water molecule (W200). Breakage of this salt bridge, and the concomitant movement of the sidechains, would increase the solvent accessibility of the carotenoid and of the conserved water molecules exposing new hydrogen bonding partners for other molecules. A change in the solvent accessibility of the chromophore and related rearrangements in hydrogen bonding and associated changes in electrostatic potential and shape complementarity is known to be important for the photocycle of PYP (26) .
To examine the role of this interdomain salt bridge for OCP function, Arg 155 was changed to a leucine. Upon illumination with blue-green light (400-550 nm) at 10°C, the orange His-tagged R115L-OCP (containing traces of zeaxanthin, Table 2 ) was completely photoconverted to the red form (Fig. 1) . The spectrum of the red form of the R155L OCP was similar to that of the WT OCP. The maxima of both spectra was at 500-510 nm but the WT red OCP is slightly broader in the red region of the spectrum. However, the R155L mutant under illumination was unable to induce fluorescence quenching (Figs. 6, 7) . This indicates that photoconversion and quenching are discrete events and suggests that changes in the interaction of the N-and C-terminal domain at the central interface are critical to the structural events that allow the OCP dissipate excess energy from the phycobilisome. The 1.7 Å crystal structure of the R155L mutant revealed no significant differences from the wildtype in overall structure of the OCP (RMS deviation of 0.2 Å over the alpha carbon backbones of the dimers. A glycerol molecule necessary to the crystallization is found in the space formerly occupied by the arginine sidechain ( Fig 2C) and hydrogen bonds (2.7Å) to the Glu 244 side chain. The glycerol compensates for the R155L mutation and stabilizes the interface between the N-and C-terminal domains, possibly immobilizing it and so preventing conformational changes that are essential to photoprotection by the OCP.
CONCLUSIONS
The 1.65 Å crystal structure of the Synechocystis OCP will be valuable to ongoing genetic and spectroscopic studies of OCPmediated photoprotection in cyanobacteria. The structural and functional characterization of the mutants reported here are the first steps toward dissecting out the roles of single amino acids and perhaps structural water molecules in the OCP's function. The mutants confirm previous hypotheses about the role of aromatic amino acids and conformational changes in signal transduction in the function of the OCP.
Furthermore, the R155L mutation provides the first evidence that photoconversion and photoprotection are discrete events in the OCP's mechanism. Further studies of this mutant with Raman and Infrared spectroscopy will provide information about the carotenoidprotein interaction in solution and the changes in the protein induced by light provide key information for elucidating the precise details of the OCP's photoprotective mechanism. Likewise, efforts are underway to crystallize the photoactivated form of the OCP; this structure should reveal changes in the carotenoid and protein that underlie the spectral differences between the orange and red forms.
Signalling proteins tend to be modular and constructed by combining sensor and effector domains (81) . Like other blue-light photoreceptors, the OCP is modular, and there are some similarities between its C-terminal domain and those of other blue-light sensory domains, including ligand/cofactor binding within its  fold. Recently it has been noted that there are parallels emerging between the mechanism of light sensing in BLUF and LOV domains; the structural basis of function of other blue-light photoreceptor proteins can be used to guide the development of new hypotheses about the mechanism of OCP function. If the OCP proves to share similar mechanisms in photoactivation and signalling it will enhance our understanding of the evolution of bacterial mechanisms to detect and respond to blue light in their environment. 
